Abstract The influence of an aromatic hydrazide derivative, 2-(3,4,5-trimethoxybenzylidene) hydrazinecarbothioamide (TMBHC) as corrosion inhibitor on mild steel in 1 M hydrochloric acid was studied by Tafel polarization and electrochemical impedance spectroscopy (EIS) technique. The results showed that the inhibition efficiency (% IE) of TMBHC increased with increasing inhibitor concentrations and also with increase in temperatures. TMBHC acted as a mixed type of inhibitor and its adsorption on mild steel surface was found to follow Langmuir's adsorption isotherm. The evaluation of thermodynamic and activation parameters indicated that the adsorption of TMBHC takes place through chemisorption. The formation of protective film was further confirmed by scanning electron microscopy (SEM).
Introduction
Mild steel is an important material which finds wide applications in industry due to its excellent mechanical properties and low cost. It is extensively used in various industries as construction material for chemical reactors, heat exchanger and boiler systems, storage tanks, and oil and gas transport pipelines (Tao et al., 2009; Singh and Quraishi, 2012) . It is also used in chemical and allied industries in handling acids, alkalis and salt solutions.
Acid solutions are widely used in industry for processes such as acid pickling of iron and steel, chemical cleaning and oil well acidification. Hydrochloric acid is widely used as it is more economical and trouble free than other mineral acids (Singh et al., 1995) . The main advantage of this acid over other acids in cleaning and pickling operations lies in its ability to form metal chloride, which is extremely soluble in aqueous medium, compared to sulphate phosphate and nitrate. The higher solubility of chloride salt causes the least polarizing effect and does not hinder the rate of corrosion (Hudson and Warning, 1970; Emregul and Hayval, 2006) . The use of corrosion inhibitors is considered the most effective method for the protection of many metals and alloys against such acid attack.
Hence the study of corrosion on mild steel in acid media is of both academic and industrial concern and has received a considerable amount of attention of many investigators.
Most of the acid corrosion inhibitors are organic compounds containing electronegative atoms (such as O, N, S, and P etc.), unsaturated bonds and/or aromatic rings (Bentiss et al., 2001; Hosseini et al., 2003; Singh, 2012) . The compounds having the -C‚N-group, electron donating groups, polar groups, and p electrons are reported to behave as effective inhibitors of mild steel in acid medium (Fekry and Riham, 2010; Nada et al., 2011; Hegazy et al., 2011) . Even though many aromatic hydrazide derivatives were studied as corrosion inhibitors of mild steel, most of them failed to show good inhibition efficiency at higher temperatures (Quraishi et al., 2001; Shanbhag et al., 2008; Badr, 2009) .
The aim of the present work is to study the influence of 2-(3,4,5-trimethoxybenzylidene) hydrzinecarbothiamide (TMBHC), as a corrosion inhibitor for mild steel in 1 M hydrochloric acid using Tafel polarization and EIS methods. Further the study also focuses on the inhibition mechanism based on the adsorption isotherms, activation and thermodynamic parameters obtained.
Experimental

Synthesis of TMBHC
2-(3,4,5-trimethoxybenzylidene) hydrazinecarbothioamide (TMBHC) was synthesized as per the reported literature (Renata et al., 2008 ). An equimolar mixture of ethanolic solution of 3,4,5-tri methoxy benzaldehyde and thiosemicarbazide was refluxed on a hot water bath for about 2 h. The precipitated product obtained, was purified by recrystallization using ethanol and characterized by spectral techniques like infrared spectroscopy (Schinadzu FTIR 8400S Spectrophotometer) and NMR spectroscopy (Bruker Avalanche-400 MHz). The purity of the compound was checked by CHN analysis. Fig. 1 represents the structure of TMBHC.
Medium
The standard solution of 1 M hydrochloric acid was prepared using an AR grade sample and double distilled water. The experiments were performed in 1 M HCl in the absence and presence of TMBHC (0.1-0.8 mM), at different temperatures (30-60°C).
Material
Mild steel specimen with composition of (% wt) C (0.159), Si (0.157), Mn (0.496), P (0.060), S (0.062), Cr (0.047), Ni (0.06), Mo (0.029), Al (0.0043), Cu (0.116) and remaining Fe was used in the present work. The specimens were taken in the form of a cylindrical rod of 5 cm height, embedded in epoxy resin, by leaving one end of the rod with an open surface area of 0.95 cm 2 . They were abraded using emery papers of different grades and subsequently on disc polished using levigated alumina. The abraded specimen was cleaned with double distilled water followed with acetone, and finally dried.
Electrochemical measurements
Electrochemical measurements such as Tafel polarization and electrochemical impedance were carried out using an electrochemical work station (CH Instrument USA Model 604D series with beta software). The electrochemical cell consists of conventional three-electrode Pyrex glass cell with platinum as counter electrode, saturated calomel electrode (SCE) as reference electrode and mild steel specimen as working electrode.
The freshly polished mild steel specimen was exposed to corrosive medium of 1 M hydrochloric acid in the absence as well as the presence of TMBHC at different temperatures. The steady-state open circuit potential (OCP) was allowed to establish. The impedance experiments were carried out in the frequency range of 100 kHz-0.01 Hz, at the OCP by applying small amplitude ac signal of 10 mV. Tafel plots (current vs. potential) were recorded soon after the impedance measurement by polarizing the specimen from À250 mV cathodically to +250 mV anodically with respect to OCP at a scan rate of 1 mV s À1 .
Scanning electron microscopy (SEM)
The surface morphology of the mild steel specimen immersed in 1 M hydrochloric acid in the absence and presence of TMBHC was recorded by using a Scanning electron microscopy (EVO 18-5-57 model). 
Results and discussion
Characterization of TMBHC
Tafel polarization measurements
The polarization studies of mild steel specimens were carried out in 1 M hydrochloric acid solution both in the absence and presence of different concentrations of TMBHC. Fig. 4 shows the Tafel polarization curves for the dissolution of mild steel in 1 M hydrochloric acid solution at 40°C in the absence and presence of TMBHC. The Tafel parameters such as corrosion potential (E corr ), corrosion current density (i corr ), corrosion rate (CR), cathodic slope (b c ) and percentage efficiency (% IE) are computed and tabulated in Table 1 .
The corrosion rate (CR) is calculated using Eq. (1).
where the constant, 3270 represents the unit of corrosion rate, i corr = corrosion current density in A cm
À2
, q = density of the corroding material (7.74 g cm Electrochemical measurements for the corrosion inhibition of mild steel
The surface coverage (h) on the metal surface and the percentage inhibition efficiency (% IE) are calculated using Eqs.
(2) and (3), respectively (Shahin et al., 2003) .
where i corr and i corr(inh) represent the corrosion current densities in the presence of uninhibited and inhibited solutions, respectively.
The value of CR of mild steel in the absence of TMBHC increased with rise in temperature. The addition of inhibitor brought down the corrosion current as well as the corrosion rate to the controlled level. Further the inhibition efficiency increased with increase in TMBHC concentrations and also with increase in temperature. The maximum efficiency in the range 90-95% is attained at an optimum concentration (0.8 mM) of TMBHC.
It is evident from Table 1 that the addition of TMBHC shows a positive shift in the E corr value. It is reported (Li et al., 2008) that if the shift in corrosion potential exceeds ±85 mV with respect to corrosion potential of the uninhibited solution, the inhibitor acts as either anodic or cathodic type. In the present case the maximum displacement in E corr is found to be within +20 mV, which indicates that TMBHC acts as mixed type of inhibitor by showing its inhibitory action on both hydrogen evolution and metal dissolution (Li et al., 2007) . Further it is observed from Fig. 4 that the anodic polarization curves did not exhibit linear behaviour and are assumed to represent anodic oxidation of steel. The anodic branches showed the inflection points at potentials more positive than corrosion potential (E corr ), characterized by two different slopes indicating a kinetic barrier effect, possibly due to the deposition of a surface film followed by its dissolution at increased anodic potential (Zhao et al., 2008) . However the cathodic polarization curves showed linear behaviour and values of cathodic slope (b c ) did not vary significantly with increase in inhibitor concentration, which indicates that the hydrogen evolution is activation-controlled and the presence of inhibitor does not alter the inhibition mechanism (El Kadher et al., 1998) . 
Electrochemical impedance spectroscopy
The effect of inhibitor concentration on the impedance behaviour of mild steel in 1 M hydrochloric acid is studied and the corresponding results are compared with the results of Tafel polarization experiments. The Nyquist plots recorded for the corrosion inhibition of mild steel with different concentrations of TMBHC at 40°C in 1 M hydrochloric acid are shown in Fig. 5 . The Nyquist plots were obtained with depressed semicircle in the presence of inhibitor. It is also observed that the diameter of the impedance plot increased with increase in inhibitor concentration. The depression in the semicircles is often attributed to the surface roughness, inhomogeneity of the solid surface and adsorption of the inhibitor on the metal surface (Amin et al., 2007; Wei-hua et al., 2008) . Suitable equivalent circuits are used to analyse the impedance data, depending upon the shapes of the Nyquist plots. A simplest Randles equivalent circuit as shown in Fig. 6(a) is used to fit the Nyquist plot in the absence of inhibitor in 1 M hydrochloric acid solution. It consists of solution resistance R s , charge transfer resistance R ct and one constant phase element (CPE). CPE was employed instead of the double-layer capacitance (C dl ) to describe the heterogeneity in the system. The Nyquist plots for the corrosion inhibition of mild steel in the presence of inhibitor consisted of one distorted capacitive loop at higher frequency due to charge transfer reaction and the time constant of the electric double layer (Singh and Quraishi, 2010) . Suitable equivalent circuit is used to simulate the impedance data in the presence of TMBHC as shown in Fig. 6(b) . Similar circuits were used to model steel acid interface in the presence of inhibitor (Lowmunkhong et al., 2010) . It included the solution resistance (R s ), fast charge transfer process (R 1 ), time constant of the electric double layer (CPE 1 ), the capacitance of the surface film (CPE 2 ) and the surface layer resistance (R 2 ). Both R 1 and R 2 increased with increase in inhibitor concentration at all studied temperatures. The impedance parameters obtained are reported in Table 2 .
The CPE impedance is calculated using the Eq. (4) (Raistrick et al., 2005) .
where A is the proportionality coefficient, w is the angular frequency, i is the imaginary number and n is the exponent related to the phase shift. If the value of n = 1, the CPE behaves like an ideal capacitor. The correction in the capacitance to its real value is calculated using the relation (5) (Machnikova et al., 2008) .
where, f max is the frequency at which the imaginary component of impedance is maximum and R ct is the charge transfer resistance.
The measured C dl value decreased with increase in inhibitor concentration at all studied temperatures. The decrease in C dl value can be attributed to the increase in the electrical double layer at the metal solution interface. This suggests that the inhibitor acts via adsorption at the metal/solution interface. Further the decrease in the C dl values is caused by the gradual replacement of water molecules by the adsorption of the inhibitor molecules on the electrode surface, which decreases the extent of metal dissolution (Legrenee et al., 2002) .
The polarization resistance R p , which is equivalent to charge transfer resistance R ct is calculated by the summation of R 1 and R 2 at different concentrations of inhibitor and the resultant R ct is used to calculate the percentage inhibition efficiency using Eq. (6) (Wang et al., 2010) .
where, R ct and R°c t indicate the charge transfer resistances in the presence and absence of TMBHC, respectively. The values of R ct increased with rise in the inhibitor concentration, and the results indicated that the charge transfer process is mainly controlling the corrosion process. Bode plot for the corrosion of mild steel in the presence of different concentrations of TMBHC at 40°C is shown in Fig. 7 . It is observed from the plot that the phase angle increases with increase in the concentration of TMBHC up to an optimal level. The difference between the high frequency (HF) limit and low frequency (LF) limit in the Bode plot is equal to polarization resistance (R p ). The polarization resistance is associated with the dissolution and repassivation processes occurring at the interface as well as the electronic conductivity of the film. The difference between the HF and LF for the uninhibited and inhibited systems in the Bode plot increases with increase in the inhibitor concentration of TMBHC up to the critical concentration. The increase in phase angle with increase in the TMBHC concentration may be attributed to the decrease in the capacitive behaviour at the metal surface due to decreased metal dissolution rate.
Effect of temperature
The effect of temperature on the corrosion rate of mild steel in 1 M hydrochloric acid and inhibition efficiency of TMBHC is studied at different temperatures in the range 30-60°C using Tafel polarization technique. The corrosion rate increased with Electrochemical measurements for the corrosion inhibition of mild steelincrease in temperature in the absence of inhibitor and the addition of inhibitor brought down the corrosion rate to the minimum level. Further the inhibition efficiency increased with increase in inhibitor concentration at all temperatures studied. These results facilitate the calculation of kinetic and thermodynamic parameters for the inhibition and interpret the type of adsorption followed by the inhibitor. The energy of activation is calculated using the Arrhenius equation (Yahalom, 1972) .
where B is the Arrhenius pre-exponential constant, and R is the universal gas constant. The slope (ÀE a /R) obtained from the Arrhenius plot (Fig. 8 ) of ln (CR) against 1/T is used to calculate the activation energy for the corrosion process. The calculated E a values are presented in Table 3 . The energy of activation, E a decreased with increase in inhibitor concentration due to the gradual adsorption of inhibitor molecules on mild steel, with a resultant closer approach to equilibrium during the experiment at higher temperatures (Ameer et al., 2002; Osman et al., 2003) . The enthalpy and entropy of activation for the metal dissolution process are determined using the transition state Eq. (8) (Abdel Rehim et al., 1999) .
where h is Plank's constant and N is Avogadro's number. A plot of ln (CR/T) versus 1/T gave a straight line ( Fig. 9 ) with slope ¼ À
. The positive signs of change in enthalpy (DH " ) reflected the endothermic nature of the mild steel dissolution process (Bouklah et al., 2006) . The large negative values of entropy of activation (Ds # ) in the absence and presence of inhibitor imply that the activated complex in the rate determining step represents an Figure 6 Equivalent circuits used to fit experimental EIS data for the corrosion of the mild steel specimen in 1 M HCl medium in the absence and presence of TMBHC. association rather than dissociation, resulting in a decrease in the randomness on going from the reactants to the activated complex (Soltani et al., 2010) .
Adsorption isotherm
Tafel polarization technique is employed to find out the values of surface coverage h at different inhibitor concentrations to understand the mechanism of corrosion inhibition and the adsorption behaviour of the inhibitor molecule on the mild steel surface. These values are used to explain the best fit isotherm to determine the adsorption process. Data are tested graphically by fitting to various isotherms. In the temperature range studied, the best correlation between the experimental results and the isotherm function is obtained using Langmuir's adsorption isotherm. Langmuir's adsorption isotherm for monolayer chemisorption is given by the Eq. (9) (AshassiSorkhabi et al., 2004) . where K represents the equilibrium constant for metal-inhibitor interaction, C inh is the inhibitor concentration, and h is the degree of surface coverage. The plot of C inh /h versus C inh gave a straight line as shown in Fig. 10 and the intercept values were used to calculate the equilibrium constant K. Further the standard free energy change DG°a ds values for the adsorption are calculated using Eq. (10) (Olivares et al., 2006) .
where K is the equilibrium constant, R is the universal gas constant and T is the absolute temperature and 55.5 is the concentration of water in solution in mol/dm 3 . The negative values of DG°a ds ensured the spontaneity of the adsorption process and stability of the adsorbed layer on the mild steel surface (Ahamad et al., 2010) . Generally, the values of DG°a ds around À20 kJ mol À1 or more positive are consistent with physisorption, while those around À40 kJ mol À1 or more negative with chemisorption (Quraishi et al., 2000) . The value of DG°a ds for the studied inhibitor is given in Table 4 . The absolute value of DG°a ds increased with increase in temperature which indicates that the adsorption became favourable with increasing temperatures and also the inhibitor molecules are chemically adsorbed on the mild steel surface (Noor and Al-Moubaraki, 2008) . The enthalpy and entropy for the adsorption of TMBHC on mild steel are deduced by using the thermodynamic Eq. (11) (Bouklah et al., 2006) . Table 4 .
The positive sign of DH°a ds in 1 M HCl solution indicated that the adsorption of inhibitor molecule is an endothermic process. In general, an endothermic process is attributed to chemisorption while an exothermic adsorption process signifies either physisorption or chemisorption (Durnie et al., 2001) . In the present study, the calculated value of DH°a ds with positive sign (22.8 kJ mol À1 ) indicates the chemisorption of inhibitor. The DS°a ds value is large and negative, indicating that the decrease in disordering takes place on going from the reactant to the adsorbed species (Martinez and Stern, 2002) .
Inhibition mechanism
Corrosion inhibition of many metals in acidic solution can be described based on adsorption phenomenon. In the present study the adsorption of TMBHC on the mild steel specimen can be attributed to either sharing of electrons between the hetero atoms and iron or p electron interactions between the aromatic ring of the TMBHC and the metal surface (Khaled and Hackerman, 2003) . Adsorption can also occur via electrostatic interaction between a negatively charged metal surface and the positive charge of the inhibitor molecule or by charge sharing or charge transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond. In the present case TMBHC molecules get protonated in HCl medium at nitrogen atoms, which results in the formation of positively charged inhibitor species. When mild steel is immersed in HCl solution in the presence of inhibitor, chloride ions are initially adsorbed onto the metal surface (a), because of smaller degree of hydration. The adsorbed chloride ions generate an excess of negative charge towards the solution by forming negatively charged metal surface which favour more adsorption of the positively charged inhibitor molecule (b). The protonated TMBHC molecules are now adsorbed on metal surface by replacing the Cl À (c) ions, there by facilitating physisorption (Khaled and Hackerman, 2003) . In addition, the protonated inhibitor molecules can also be adsorbed at cathodic sites of metal in competition with the hydrogen ions. The adsorption of protonated TMBHC molecules reduces the rate of hydrogen evolution reaction along with metal oxidation resulting in physisorption. The possible inhibition mechanism and its path way in the presence of TMBHC in HCl medium is represented below. Electrochemical measurements for the corrosion inhibition of mild steel 9
Further the unprotonated or neutral molecule of TMBHC can also adsorb via chemisorption on the vacant sites on the mild steel surface either by, sharing of electrons between the hetero atoms of TMBHC and the metal surface or by the interaction of p electrons of the aromatic ring of the TMBHC molecule with that of the mild steel surface. The vacant 3d orbital of iron can form coordinate type of bond with inhibitor due to the interaction of p-electron clouds of aromatic rings as well as unshared electron pairs on nitrogen or oxygen atoms of the TMBHC leading to predominant chemisorption (Popova et al., 2003) .
The possible adsorption of TMBHC on the mild steel surface through electrostatic interaction and e-pair interaction is shown in Fig. 12(a) and (b), respectively. 3.7. Scanning electron microscopy (SEM) and Energydispersive X-ray spectroscopy (EDS) analysis SEM investigations were carried out to differentiate between the surface morphology of the metal surface after its immersion in 1 M hydrochloric acid in the absence and presence of TMBHC for about two hours. Fig. 13(a) shows the freshly polished mild steel surface. Fig. 13(b) shows the facets due to the corrosive action of 1 M hydrochloric acid on the mild steel surface with cracks and rough surface. Smooth sample surface without any visible corrosion attack or pits in the presence of TMBHC is shown in Fig. 13(c) . This confirms the adsorption of TMBHC on the mild steel surface through the formation of protective film.
EDS investigations were carried out in order to identify the composition of the species formed on the metal surface in 1 M Hydrochloric acid in the absence and presence of TMBHC. The corresponding EDS profile analyses for the selected areas on the SEM images of Fig. 13(b) and (c) are shown in Fig. 14(a) and (b) , respectively. The atomic percentage of the elements found in the EDS profile for the corroded metal surface is 45.29% O, 1.01% Cl and 38.92% Fe. This indicates that the corrosion of mild steel is due to the formation of iron oxide on the metal surface. Similarly, elemental composition obtained in the presence of TMBHC (16.22% O, 3.4% N, 0.41% S and 45.86% Fe) proves the formation of inhibitor film in this area.
Conclusion
Based on the results of investigation, the following conclusions are drawn:
(1) TMBHC acts as a potential inhibitor by controlling both hydrogen evolution and metal dissolution, there by acting as a mixed type of inhibitor. (2) Inhibition efficiency increases with increasing TMBHC concentration and also with increasing temperature. (3) Adsorption isotherm of TMBHC on the metal surface follows Langmuir's adsorption isotherm.
(4) Evaluation of activation and thermodynamic parameters shows mixed adsorption with predominantly chemical adsorption of TMBHC on the metal surface. (5) Inhibition action of TMBHC takes place through its adsorption on the metal surface, which is confirmed by surface morphology study.
